The evolutionary forces that govern the divergence and retention of duplicated genes in polyploids are poorly understood. In this study, we first investigated the rates of nonsynonymous substitution (Ka) and the rates of synonymous substitution (Ks) for a nearly complete set of genes in the paleopolyploid soybean (Glycine max) by comparing the orthologs between soybean and its progenitor species Glycine soja and then compared the patterns of gene divergence and expression between pericentromeric regions and chromosomal arms in different gene categories. Our results reveal strong associations between duplication status and Ka and gene expression levels and overall low Ks and low levels of gene expression in pericentromeric regions. It is theorized that deleterious mutations can easily accumulate in recombination-suppressed regions, because of Hill-Robertson effects. Intriguingly, the genes in pericentromeric regions-the cold spots for meiotic recombination in soybean-showed significantly lower Ka and higher levels of expression than their homoeologs in chromosomal arms. This asymmetric evolution of two members of individual whole genome duplication (WGD)-derived gene pairs, echoing the biased accumulation of singletons in pericentromeric regions, suggests that distinct genomic features between the two distinct chromatin types are important determinants shaping the patterns of divergence and retention of WGD-derived genes.
INTRODUCTION
Genomic duplications on various scales, such as amplification of individual genes, segmental duplication, and whole genome duplication (WGD) by polyploidy, have been recognized as important contributors to evolutionary innovation in eukaryotes (Ohno, 1970) . Among these duplication events, WGD is particularly common among flowering plants and is often recurrent (Soltis and Soltis, 1999; Otto and Whitton, 2000) . It is believed that all flowering plants have undergone at least one round of WGD (Jiao et al., 2011)-30 to 80% are currently polyploids, and others are paleopolyploids (Otto and Whitton, 2000; Wendel, 2000; Wolfe, 2001; Soltis and Soltis, 2009 ). Most paleopolyploids have undergone extensive genomic rearrangements, including elimination of a large fraction of duplications (Lynch and Conery, 2003; De Bodt et al., 2005) and accumulation of mutations that may contribute to functional divergence of duplicated genes (Blanc and Wolfe, 2004; Gu et al., 2005; Sé mon and Wolfe, 2007; Ha et al., 2009) .
The patterns of elimination/retention of duplicated genes after WGD have been investigated in Arabidopsis thaliana and maize (Zea mays). It was shown that, in both species, genes were preferentially removed from one of the two homologs or homoeologs derived from WGD, an evolutionary process termed "biased fractionation" (Thomas et al., 2006; Woodhouse et al., 2010) . Further comparative sequence analysis of the maize, sorghum (Sorghum bicolor), and rice (Oryza sativa) genomes revealed that the fractionation of the two homoeologs in maize was predominately achieved by elimination of single genes, perhaps through illegitimate recombination (Woodhouse et al., 2010) , a process that accumulates small deletions without the requirement for the participation of a recA protein or large (>50 bp) stretches of sequence homology (Bennetzen et al., 2005) . The mechanisms that underlie biased fractionation are not clear yet, although rapid functional divergence and biased expression of duplicated genes seem to be major factors promoting their retention in the genome (Force et al., 1999; Lynch and Force, 2000; He and Zhang, 2005; Sé mon and Wolfe, 2007; Schnable et al., 2011) .
Theoretically, evolutionary rates of duplicated genes should increase as the two copies evolve toward functional divergence (Ohno, 1970) . Several studies have revealed a tendency of rate acceleration immediately after gene duplication (Lynch and Conery, 2000; Kondrashov et al., 2002) . By contrast, recent studies showed that duplicated genes evolve slower than singletons in eukaryotes (Yang et al., 2003; Davis and Petrov, 2004; Jordan et al., 2004; Yang and Gaut, 2011) . These two sets of observations may not be inconsistent, but reflect variation in the evolutionary modes and dynamics of duplicated genes within different time frames.
Recombination has been recognized as one of the key factors that play pivotal roles in shaping genomic features, such as the pattern of nucleotide variation and distribution of genes and transposable elements (TEs) in eukaryotes (Gaut et al., 2007; Tian et al., 2009) . It is apparent that variations of recombination rates and genomic features are both dynamic evolutionary processes. However, recombination rates (centimorgans per megabase [cM/Mb]) along chromosomes within a genome have routinely been estimated by integrating physical and genetic maps, with the latter generally constructed using a mapping population derived from two varieties of a species or two recently diverged subspecies that are capable of intercrossing (Gaut et al., 2007) . By contrast, genomic features, such as the evolutionary rates of genes, are often estimated by comparison of two species that diverged tens of millions of years ago (Yang and Gaut, 2011) . Thus, it is often difficult or impossible to compare recombination rates and genomic parameters on a similar time scale.
Nevertheless, a recent analysis of evolutionary rates for orthologous genes between A. thaliana and Arabidopsis lyrata that diverged from a common ancestor ;13 million years ago (mya) (Beilstein et al., 2010) , demonstrated that the synonymous substitution rates (Ks) vary along chromosomes, perhaps as a function of recombination, and the nonsynonymous substitution rates (Ka) largely correlate with the expression patterns and duplication status (i.e., whether a gene was duplicated and retained after the most recent WGD ;47 to 65 mya) (Beilstein et al., 2010) . However, few studies have performed large-scale or genome-wide comparisons between paralogs or homoeologs regarding their rates of evolution and surrounding chromatin environment, such as recombination, mainly because of the lack of sequences from closely related genomes. As a result, little is known regarding the evolutionary forces acting to shape the patterns of divergence and retention of duplicated genes in any paleopolyploid organism.
Soybean (Glycine max), which is one of the most economically important leguminous seed crops, was domesticated from its annual wild relative, Glycine soja, in China ;5000 years ago . It is documented that the Glycine lineage has undergone two rounds of WGD within the last 60 million years, with the latter (occurring between 5 and 13 mya [Doyle and Egan, 2010; Schlueter et al., 2004; Schmutz et al., 2010] ) perhaps being an allotetraploidy event, as proposed by analysis of centromere satellite repeats (Gill et al., 2009 ). In the sequence of the 1.1-gigabase soybean (cv Williams 82) genome, there are 46,430 predicted high-confidence genes, of which 31,264 (i.e., 15,632 gene pairs) exist as "recent" paralogs. These paralogs are believed to have been duplicated and retained after the 13-mya tetraploidy event, and 15,166 have reverted to singletons (Schmutz et al., 2010) . One striking feature of the soybean genome is that ;57% of the genomic sequence occurs in recombination-suppressed heterochromatic regions surrounding centromeres (referred to as pericentromeric regions), where 10,029 high-confidence genes are harbored. Another unusual observation is that the proportion of long terminal repeat retrotransposons in nonpericentromeric regions (referred to as chromosomal arms) of soybean is unusually low (8.7%)-even lower than in chromosomal arms of rice (17%) (Tian et al. 2009 ), which possesses a much smaller (<400 Mb) genome.
Considering the extremely contrasting genomic features, such as the rates of recombination between the pericentromeric regions and chromosomal arms, and the existence of a vast number of genes in the pericentromeric regions, we wondered whether these distinct regions have different effects in shaping the patterns of divergence, retention, and expression of duplicated genes in soybean. Recently, 14 G. max and 17 G. soja accessions were resequenced (Lam et al., 2010) , providing an unprecedented opportunity to investigate genome-wide variation of evolutionary rates within a recent evolutionary time frame in the context of chromatin environment and duplication status. In this study, we first calculated the rates of substitutions at synonymous and nonsynonymous sites between the G. soja and G. max populations for a nearly complete set of soybean genes. We then compared evolutionary rates and gene expression patterns between pericentromeric regions and chromosomal arms in several gene categories: i) WGD-derived genes (or just "WGD genes") with both copies in chromosomal arms, ii) WGD genes with both copies in pericentromeric regions, iii) WGD genes with one copy in pericentromeric regions and the other in chromosomal arms, iv) singletons in chromosomal arms, and v) singletons in pericentromeric regions. Through these analyses, we were able to draw a comprehensive picture illustrating how and to what extent recombination-suppressed pericentromeric regions influence the divergence, retention, and expression of duplicated genes in a complex paleopolyploid genome.
RESULTS

Contrasting Genomic Features between Pericentromeric Regions and Chromosomal Arms-An Overview
The pericentromeric regions of the soybean genome were defined on the basis of recombination-suppressed genomic blocks with transitions in gene density and TE density along chromosomes (Schmutz et al., 2010; Du et al., 2010 We began with the complete set of genes (46,430) annotated in the soybean reference genome and then removed lowconfidence homoeologous gene pairs and genes with low quality or missing resequencing data from the 14 G. max and 17 G. soja genomes (Lam et al., 2010) (see Methods) . This left 14,577 WGD gene pairs and 12,994 singletons as the final data set for analysis of evolutionary rates. Each of these genes in the reference genome was aligned with its orthologous gene sequences from the 31 resequenced genomes, and then the Ka, Ks, and Ka/Ks (v) for each gene between the G. max and G. soja populations were calculated by pairwise comparison (see Supplemental Data Set 1 and Supplemental Figure 2 online). The results showed that the average Ks for pericentromeric regions was significantly lower than for the chromosomal arms, indicating slower evolution of genes in pericentromeric regions (Table 1) . By contrast, no significant difference in Ka between the two regions was detected ( Table 1 ), suggesting that overall, genes in both regions have undergone similar levels of selective constraints-although the average v for genes in pericentromeric regions was significantly higher than in chromosomal arms.
Higher Level of Preservation of WGD Genes in Chromosomal Arms Than Pericentromeric Regions
To determine whether the retention of the WGD genes was biased for or against pericentromeric regions, which exhibited overall slower evolutionary rates, we compared the distribution of the 14,577 WGD gene pairs and 12,994 singletons between the pericentromeric regions and chromosomal arms of the 20 soybean chromosomes (Table 2) . Of the 14,577 WGD gene pairs, 11,285 (77.4%) are in chromosomal arms, and 853 (5.9%) are in pericentromeric regions. These two categories of WGD genes were referred to as WGD-I genes. The remaining 2439 (16.7%) gene pairs each have one copy in a chromosomal arm and the other in a pericentromeric region and were referred to as WGD-II genes ( Figure 1 ). By contrast, 8389 (64.5%) of the 12,994 singletons are located in chromosomal arms, and the remaining 4605 (35.4%) singletons are in pericentromeric regions. When we excluded the 2439 WGD-II gene pairs, the ratios of duplicated gene pairs to singletons were 1:5.40 in pericentromeric regions versus 1.34:1 in chromosomal arms (Table 2 ), corresponding to a 15.6% retention rate of WGD genes in the former versus 57.5% in the latter.
Lower Evolutionary Rates for WGD Genes Than Singletons in the Whole Genome-a Ka Scenario
To understand the evolutionary dynamics of the WGD genes versus singletons in the soybean genome, we compared the evolutionary rates for the 12,138 WGD-I gene pairs and the 12,994 singletons using the same data set as described above (Table 2 ). These WGD gene pairs were predicted based not only on the Ks analysis of homologous genes but also on the identification of 149 homoeologous genomic blocks that contain these genes (Schmutz et al., 2010) . Our analysis demonstrates that the average Ka for the WGD genes is significantly lower than that for the singletons, whereas there is no significant difference in Ks between the WGD genes and the singletons (Table 3) . Overall, the average v for the WGD genes is significantly lower than for the singletons ( Table 3 ), indicating that the former have experienced an overall higher level of purifying selection than the latter. These results, consistent with previous observations from several other eukaryotes (Davis and Petrov, 2004; Jordan et al., 2004; Yang and Gaut, 2011) , suggest that the WGD genes have undergone a stronger level of functional constraint than the singletons. 
Higher Ks for the WGD Genes Than Singletons in Pericentromeric Regions versus Lower Ks for the WGD Genes Than Singletons in Chromosomal Arms
As described above, the evolutionary rates of soybean genes are generally associated with their chromosomal locations (pericentromeric regions versus chromosomal arms) and their duplication status (WGD genes versus singletons), and both the WGD genes and singletons exhibited biased distribution between chromosomal arms and pericentromeric regions. To understand how and to what extent the WGD genes and singletons evolve differently, it is crucial to compare the two categories of genes in a similar genomic background. We thus divided the 14,577 WGD gene pairs and 12,994 singletons into two groups based on their chromosomal distributionpericentromeric regions or chromosomal arms-and performed an intragroup comparison of evolutionary rates (Figures 2 and 3; Table 3 ). In pericentromeric regions, the average Ks for the WGD genes was found to be significantly or nearly significantly higher than that for singletons. By contrast, the average Ks for the WGD genes was significantly lower than that for singletons in chromosomal arms. Nevertheless, the average Ka for the WGD genes was lower than that for singletons, and the average v for the WGD genes was lower than that for singletons in both pericentromeric regions and chromosomal arms, indicating a higher level of selective constraint on the WGD genes.
Higher Ks Values for the Singletons in Pericentromeric Regions Than in Chromosomal Arms, and Similar Ks Values for the WGD Genes between the Two Chromatin Environments
To assess further how genomic background influences the paces of gene evolution in the paleopolypoid soybean, we compared the pericentromeric regions and chromosomal arms with regard to the evolutionary rates for the WGD genes and for singletons separately. As shown in Table 4 , no significant difference in either Ka or Ks for the WGD genes was detected between the pericentromeric regions and chromosomal arms, suggesting that the evolutionary rates for the WGD genes are not associated or strongly associated with chromatin environment. Singletons also showed similar Ka values between these two chromatin environments, but the average Ks for the singletons in pericentromeric regions is significantly lower than in chromosomal arms. The WGD genes show similar v values between the two backgrounds, whereas singletons have significantly higher v values in pericentromeric regions than in chromosomal arms.
Evolutionary Rates for the Two Copies of the WGD Gene Pairs-Asymmetric Evolution between Pericentromeric Regions and Chromosomal Arms
In an attempt to shed light on the evolutionary forces that drive the divergence of the WGD genes, and probably also the nonrandom retention of the WGD genes in distinct chromatin environments, we analyzed and compared the evolutionary rates for the two copies of each of the 2439 WGD gene pairs. Each gene pair is composed of one copy in a chromosomal arm and the other in a pericentromeric region (Table 5 ). As shown in Figure 1, many gene blocks and their predicted homoeologs have been shuffled after the 13-mya WGD event, and most of these corresponding homoeologous gene blocks have experienced complete or partial switches from euchromatic to heterochromatic status or vice versa. A typical example of such switches is reflected by the homoeologous gene pairs located in chromosomes 8 and 18. As illustrated in Figure 1 , a cluster of genes (212) in the short arm of chromosome 8 correspond to their homoeologs scattered in the pericentromeric region of chromosome 18. We found that the mean Ks for the copies of these WGD gene pairs in the chromosomal arms are significantly higher than the mean Ks for their homoeologous copies in the pericentromeric regions. It is particularly interesting that the copies of these WGD gene pairs in the chromosomal arms exhibited the highest levels of Ks in comparison with either singletons or the WGD genes having both copies in chromosomal arms. The copies of the WGD gene pairs in the chromosomal arms also showed a higher level of Ka than their homoeologs in pericentromeric regions and those duplicated genes with both copies in either pericentromeric regions or chromosomal arms. 
Evolutionary Rates for the Two Copies of the WGD Gene Pairs-Asymmetric Evolution between High and Low Recombination Regions of Chromosomal Arms
Theoretically, recombination allows evolution to progress more rapidly (Hartl and Clark, 2007) ; thus, the lower value of Ks for the copies of the WGD genes in pericentromeric regions versus their homoeologs in chromosomal arms may be explained by the suppression of recombination in the pericentromeric regions. In an attempt to address the potential influence of recombination in shaping the divergence patterns of the two copies of each of the duplicated genes located in chromosomal arms, we first estimated local recombination rates at the two copies of each gene pair (see Methods). To do this, we used MareyMap, an R-based tool for estimating recombination rates by comparison of genetic and physical maps (Rezvoy et al., 2007) . The cM/Mb plots along each of the soybean chromosomes were obtained based on 1703 markers that were genetically mapped using a single F2 population of an elite cv Williams 82 and a G. soja accession PI479752 and were physically anchored to the soybean (cv Williams 82) reference genome (Schmutz et al., 2010 ) (see Supplemental Data Set 2 online). We then categorized the two copies of a WGD gene pair into two separate groups-the high recombination group (HRG) and the low recombination group (LRG)-based on the estimated recombination rates at the midpoints of individual genes and subsequently analyzed the Ka, Ks, and v for the HRG genes and their LRG homoeologs. As shown in Table 5 , the HRG genes showed overall higher levels of Ks and Ka than the LRG genes. In particular, significant differences between the Ka values for HRG and for LRG were detected. These results echo the comparative analysis of WGD genes in chromosomal arms and their homoeologs in pericentromeric regions and suggest that recombination is an evolutionary force driving the divergence of duplicated genes in the soybean genome.
Interplay among Evolutionary Rates, Duplication Status, and Gene Expression
In an attempt to shed light on the evolutionary forces for functional divergence of duplicated genes, we compared evolutionary rates and the levels of gene expression within and between pericentromeric regions and chromosomal arms under the same gene categories described above (Figures 2 and 3) . The gene expression data from eight different soybean tissues and developmental time points were obtained from Libault et al., (2010) . The expression level of a gene was estimated by the average value of all eight samples.
We obtained the following relationships among different gene categories: i) The expression level of genes in pericentromeric regions was significantly lower than in chromosomal arms (Table  1) ; ii) the expression level of the WGD genes was significantly higher than that of singletons in both pericentromeric regions and chromosomal arms (Figure 2 ; Table 3 ); iii) the expression level of the WGD genes with both copies of each homoeologous gene pair in pericentromeric regions was significantly lower than that of the WGD genes with both copies of each homoeologous gene pair in chromosomal arms (Figure 2 ; Table 4 ); and iv) the expression level of singletons in pericentromeric regions was significantly lower than in chromosomal arms (Figure 2 ; Table 4 ). These observations together with the analyses of evolutionary rates described earlier (Figure 2 ; Tables 1, 3 , and 4) suggest that the overall expression levels of genes are associated with both duplication status and recombination rates but are not associated with Ka. These observations seem to echo a recent study that suggests that the biased fractionation of the WGD genes in maize is associated with the bias in gene expression (Schnable et al. 2011) . When the two copies of a WGD gene pair were compared, we obtained seemingly inconsistent results between two categories of WGD genes (Figure 2 ; Table 5 ). On average, the expression level of gene copies in pericentromeric regions was even higher than that of their homoeologs in chromosomal arms, although the difference was not statistically significant (P = 0.1102) ( Table  5 ). This higher level of gene expression seems to be associated with the lower Ka (Table 5) . By contrast, the expression level of gene copies in the LRG of chromosomal arms was significantly lower than that of their homoeologs in the HRG of chromosomal arms. Thus, the high level of expression versus low Ka is likely to be a unique feature of a subset of genes that occur in pericentromeric regions in contrast with their homoeologs in chromosomal arms.
We further analyzed potential correlations among local GR rates, evolutionary rates, and the levels of gene expression in chromosomal arms using the WGD-I genes and singletons as two independent data sets. The local GR rate of individual genes was estimated based on a total of 1703 markers generated from a single mapping population (see Supplemental Data Set 2 online) (see Methods). As shown in Table 6 , for both WGD genes and singletons, Ka was positively correlated with the levels of gene expression, whereas no significant correlations of local GR rates to evolutionary rates and gene expression were detected in chromosomal arms. This suggests that the short divergence time between G. max and G. soja may limit our capability to detect this correlation. Likewise, our data and approach do not allow accurate estimation of local GR rates.
Patterns of Divergence, Distribution, and Expression of Transcription Factors-Difference and Consistence
Previous studies indicated that the genes retained as duplicated pairs after WGD events tend to belong to specific classes, such as transcription factors and members of large multiprotein complexes (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004; Maere et al., 2005) . To understand whether and/or to what extent these specific genes are consistent or inconsistent with the general patterns of soybean gene evolution revealed by analysis of the 14,577 WGD genes and 12,994 singletons, we examined the divergence, retention, and expression of the retained transcription factor gene pairs versus transcription factor singletons in the soybean genome.
Based on the putative soybean transcription factors database SoyDB, which was constructed by Wang et al. (2010) , 1742 of the 14,577 WGD gene pairs and 1172 of the 12,944 singletons are annotated as putative transcription factors. When the WGD-II transcription factors were excluded, the ratios of duplicated transcription factor pairs to singletons were 1:4.8 in pericentromeric regions versus 1.85:1 in chromosomal arms (see Supplemental Table 2 online), corresponding to approximately nine times higher accumulation rates of transcription factor singletons in the former than in the latter regions. This distribution pattern of transcription factor genes is similar to that observed for the complete set of the soybean genes indicated in Table 2 . Although the differences of Ka and Ks and expression levels between the WGD-I transcription factor gene pairs and singletons in either pericentromeric regions or chromosomal arms were found to be less significant (see Supplemental Table 3 online) than detected between all WGD-I genes and all singletons in the soybean genome (Table 3) , the patterns revealed by both data sets are consistent. In addition, the patterns of divergence and levels of expression between two members of individual WGD-II transcription gene pairs (see Supplemental Table  4 online) are overall consistent as revealed by analysis of all WGD-II genes in the soybean genome (Table 5) .
DISCUSSION Duplication Status, Rather Than Recombination, as the Primary Determinant of Ka
Previous studies revealed slower evolution of duplicates than singletons in eukaryotes (Yang et al., 2003; Davis and Petrov, 2004; Jordan et al., 2004; Yang and Gaut, 2011) . However, few studies investigated the effects of local recombination rates on evolutionary rates or compared these two parameters on a similar time scale. As a result, potential interplay among recombination, duplication status, and evolutionary rates was largely unclear. By comparing the same and different categories of genes within and between pericentromeric regions and chromosomal arms-two extreme samples of the cold spots and hotspots for recombination-we found that WGD genes consistently showed significant lower Ka than singletons in both regions (Table 3 ) and that neither the WGD genes nor singletons exhibited significant difference of Ka between these two regions (Table 4 ). Because G. soja and G. max diverged quite recently (Kim et al. 2010) , it would be reasonable to speculate that these two species maintain similar genomic landscapes, including the boundaries of recombinationsuppressed pericentromeric regions of orthologous chromosomes in these genomes. This speculation is supported by the general consensus of soybean genetic maps independently developed using different mapping populations derived from crosses between G. max and G. max and between G. max and G. soja . Thus, the observations that we described above would be interpreted as the most convincing evidence that has been garnered from any eukaryotic organisms in support of the conclusion that duplication status, rather than recombination, is the primary determinant of Ka. The slower evolution of WGD genes than singletons observed in soybean and several other eukaryotes is supportive of the gene balance theory, which predicts that maintaining proper balance in the concentrations of protein subunits in a macromolecular complex and members of regulatory networks and highly connected portions of signaling networks is vital to maintain normal function and that an imbalance may lead to either decreased fitness or lethality (Birchler and Veitia, 2007; Freeling, 2008; Veitia et al., 2008; Edger and Pires, 2009 ). However, it seems to contradict a classical model, which predicts that one or the other copy of a duplicated gene pair with redundant functions can accumulate deleterious mutations and eventually be lost without effect on the fitness of an individual (Walsh, 1995) . Nevertheless, the duplicated genes may show distinct paces and patterns of evolution within different timeframes after WGD events (Jordan et al. 2004) .
Although the mean Ka values of neither the WGD genes nor the singletons were statistically different between pericentromeric regions and chromosomal arms, the potential influence of recombination on Ka should not be fully disregarded. Indeed, we observed lower Ka for both WGD genes and singletons in the former than in the latter regions. The lack of statistically detected difference may simply reflect the limits of statistical power in detecting potential correlation between recombination rates and Ka, in particular, given such a short divergence time of G. max and G. soja. A recent study in three Oryza species compared 13 genes in the functional centromeric region of rice chromosome 8 (Cen8) and 1515 genes dispersed on the short arms of chromosome 3 (Chr3S), and revealed that the mean values of Ka and Ks for Cen8 were significantly lower than those for genes in Chr3S (Fan et al., 2011) . However, because the duplication status of these genes was not investigated, whether the detected difference in evolutionary rates (e.g., Ka) was caused by recombination remains obscure. It is also unclear whether those two sets of genes are representative of the whole genome. Of course, other centromeric and pericentromeric attributes, such as the overall low density of genes, high density of TEs (Tian et al., 2009) , high levels of DNA methylation (Warburton, 2004; Lister et al., 2008) and histone modification (Cokus et al., 2008; Stimpson and Sullivan, 2011) , and low levels of gene expression may also be contributing factors to variation in the rates of evolution (Yang and Gaut, 2011) .
Does Recombination Facilitate Single Nucleotide Mutation?
The relationships between recombination and mutation rates have been investigated in several organisms, but whether recombination facilitates the generation of single nucleotide mutation remains equivocal (Gaut et al., 2007) . This may be partially because of inaccurate estimation of local recombination rates (Gaut et al., 2007) or inappropriate comparison of recombination rates and evolutionary rates (e.g., the two parameters were evaluated on different time scales) (Clé ment et al., 2006) .
If one assumes that selection does not act on synonymous sites of a gene based on the neutral theory of molecular evolution, then Ks should be equal to the mutation rate of the gene (Kimura, 1968; Hurst, 2002; Chamary et al., 2006; Duret, 2009) . Under this assumption, the overall smaller value of the mean Ks of genes in pericentromeric regions than in chromosomal arms would be interpreted as a lower mutation rate in the former than in the latter (Table 1) , perhaps as a function of recombination rates (Begun and Aquadro, 1992; Gaut et al., 2007; Yang and Gaut, 2011) . Indeed, levels of nucleotide variability, which may be partially explained by mutation rates, have often been found to be positively correlated with recombination rates, because of genetic hitchhiking of neutral (e.g., synonymous) sites with linked selected nonsynonymous sites (Lercher and Hurst, 2002; Spencer et al., 2006) . Intriguingly, the WGD genes and singletons exhibited different patterns of Ks variation within and between the two chromatin environments (Tables 3 and 4 ), suggesting that, beyond recombination, the duplicated status of genes may also be a factor influencing the rates of synonymous mutations.
Pericentromeric Effects on the Divergence of Homoeologous Gene Pairs
One of the most remarkable observations is the asymmetric evolution of homoeologous genes between pericentromeric regions and chromosomal arms (Figure 2 ; Table 5 ). Although neither the WGD genes nor singletons showed significant difference of Ka between these two distinct regions (Table 4) , the Ka value of 2439 genes in pericentromeric regions was found to be significantly lower than their homoeologous copies in chromosomal arms, as was Ks (Table 5 ). An evolutionary model predicts that the recombination-suppressed pericentromeric regions should allow more rapid accumulation of deleterious mutations than chromosomal arms, because of Hill-Robertson effects (Hill and Robertson, 1966) ; however, recombination can also facilitate single nucleotide mutations (Lercher and Hurst, 2002; Jelesko et al., 2004; Schuermann et al., 2005) . Therefore, the slow evolution of gene copies in pericentromeric regions versus their homoeologous copies in chromosomal arms may be explained by strong purifying selection and reduced mutation rates in the pericentromeric regions. This interpretation echoes a recent study that demonstrated that the 13 genes in a centromeric region were under strong purifying selection compared with genes located on chromosomal arms of three Oryza species, although the duplication status of these genes was not investigated (Fan et al., 2011) . Variation in mutation rates may also be influenced by other factors, such as gene and transposon densities, chromatin structure, and the pattern of gene expression (Ellegren et al., 2003; Wolfe and Li, 2003; Baer et al., 2007; Lin et al., 2010; Yang and Gaut, 2011) .
Biased Expression of Homologous Gene Pairs
Transcriptome atlases of plant genomes have revealed generally lower levels of gene expression in pericentromeric regions than in chromosomal arms (Zeller et al., 2009; Zhang et al., 2010; Libault et al., 2010) . As expected, both WGD genes and singletons show lower levels of gene expression in pericentromeric regions than in chromosomal arms of the soybean genome. These reduced levels of gene expression may be associated with the biased distribution of methylated DNA, which is largely associated with transposable elements (Hollister and Gaut, 2009 ) and with histone modification and chromatin structure (Karlić et al., 2010) in pericentromeric regions.
Given the reduction of expression levels of the WGD genes and singletons, it was extremely intriguing that the expression level of the 2439 genes in pericentromeric regions was higher than that of their homoeologous copies in chromosomal arms, although a significant difference was not statistically detected. Nevertheless, the asymmetric expression of these homoeologous genes was consistent with their asymmetric divergence, indicating different levels of functional constraints between genes in pericentromeric regions and their homologous copies in chromosomal arms. It is also notable that the 2439 genes in pericentromeric regions showed a higher expression level than any other categories of genes in the same regions (Figure 2 ; Tables 3 to 5) .
Pericentromeric Effects on Biased Fractionation of Homoeologous Genes
The high level of expression and low level of divergence of the 2439 genes in pericentromeric regions versus their homoeologs in chromosomal arms represents a striking observation. Because the member of a gene pair that is expressed at a lower level and evolves at a faster pace tends to be deleted more easily than the other member of the pair, members of individual homologous gene pairs in pericentromeric regions would have survived longer than their homoeologs in chromosomal arms during host genome evolution. This deduction seems to be supported by the observation that the ratios of singletons to WGD genes in the former are ;7.3 times higher than in the latter regions (Table 2 ). It has been suggested that the most recent WGD of soybean and maize occurred at a similar time (Schlueter et al., 2004; Swigonová et al. 2004) , followed by biased fractionation in both genomes (Schlueter et al. 2006; Thomas et al. 2006; Woodhouse et al., 2010) . If biased retention of WGD genes in soybean is predominantly caused by single gene deletions instead of relocations, as observed in maize (Woodhouse et al., 2010) , then the high proportion of singletons in pericentromeric regions of soybean is likely to be an outcome of biased deletion of their homoeologs in chromosomal arms. We should note that the biased accumulation of singletons in pericentromeric regions may also be, at least partially, caused by preferential insertions of genes in pericentromeric regions, as observed in A. thaliana .
Analysis of the duplicated regions in the soybean genome has revealed extensive genomic rearrangements (Schmutz et al., 2010; Severin et al., 2011) . It is obvious that those rearrangements have substantially reshaped the landscape of the soybean genome in the past 13 million years, leading to dramatic differentiation of genomic features between duplicated regions over evolutionary time (Schmutz et al., 2010) , including transitions from euchromatin (e.g., chromosomal arms) to heterochromatin (e.g., pericentromeric regions) or vice versa (Figure 1 ). Asymmetric evolution of duplicated genes was also observed between ;1-Mb homoeologous regions from two chromosomal arms of soybean, and such asymmetry seems to be associated with diverged genomic features, such as local genomic rearrangement and content of transposable elements. Genomic reshuffling and restructuring occurs over evolutionary time; thus, it is certain that the divergence between two members of individual WGD gene pairs and preferential retention of WGD genes both are dynamic evolutionary processes.
METHODS
Characterization of Homoeologous Gene Pairs and Singletons
Of the 46,430 high-confidence genes identified in the soybean (Glycine max) genome, 31,264 were predicted to exist as paralogs (Schmutz et al., 2010) . To increase the accuracy of the prediction of WGD gene pairs, we included only gene pairs and singletons located in the 149 large duplicated genomic segments. These gene pairs were supported not only by sequence homology, but also by a syntenic relationship and were deemed to be formed by the allopolyploidy event that occurred ;13 mya. The orthologs of these genes in the 31 resequenced G. max and Glycine soja genomes were extracted from the sequences previously described by Lam et al. (2010) . The gene sequences from the reference genome and the resequenced genomes were aligned using the MUSCLE program (Edgar, 2004) . Gene sequences from the resequenced genome with missing portions greater than 50% of their full lengths (estimated based on the reference genome) and gene sequences that contained frame shift mutations or stop codons were excluded from further analysis. Ambiguous sites were coded as "N" to minimize possible sequencing errors and/or inaccurate assembly. The final data set in this study includes 14,577 WGD gene pairs and 12,994 singletons. These genes were classified into several categories: i) WGD gene pairs with both duplicated copies located in pericentromeric regions; ii) WGD gene pairs with both duplicated copies located in chromosomal arms; iii) WGD gene pairs with one copy in a pericentromeric region and the other in a chromosomal arm, as illustrated in Figure 1 using Circos (Krzywinski et al., 2009) ; iv) singletons in pericentromeric regions; and v) singletons in chromosomal arms.
Analysis of Sequence Divergence
The predicted coding sequences were used for gene divergence analysis. The Ks, Ka, and their ratio v (i.e., Ka/Ks), were estimated using the yn00 module integrated in the PAML package (Yang, 2007) . Ks and Ka were calculated by pairwise comparison of orthologous gene sequences between G. max and G. soja, which may reduce potential effects of unavoidable errors in mapping of short resequencing reads to the reference genome sequence on evaluation of sequence divergence between G. soja and G. max populations.
Estimation of Local GR Rates
The local GR rates were estimated using MareyMap (Rezvoy et al., 2007) . A total of 1703 markers generated from a single mapping population (Williams 82 3 G. soja PI 479752) were used for local GR rate estimation. The GR rate at the midpoint of each gene was used for analysis of potential correlation with the evolutionary rate and level of gene expression. The GR-suppressed pericentromeric regions were defined based on the comparison of soybean physical and genetic maps as previously described (Schmutz et al., 2010) . The average GR rate for a particular region (e.g., pericentromeric region) was calculated based on the genetic distance and physical distance that the region spanned (see Supplemental Data Set 1 online).
Analysis of Gene Expression
The whole genome transcriptomic data from eight tissues of Williams 82 were generated by Libault et al. (2010) and were used to evaluate the expression level of the genes analyzed in our study. The expression level of a gene was calculated as the average value of the levels of expression in the eight samples. The expression level of a gene in each sample was measured by the number of Illumina/Solexa reads per million reads uniquely aligned to the gene as described by Libault et al. (2010) .
Statistical Analyses-Correlation and Student's t Test
Comparison of genomic features, evolutionary rates, and expression levels between pericentromeric regions and chromosomal arms, between the WGD genes and singletons, and between two members of individual WGD gene pairs were conducted using Student's t test. The correlations of evolutionary rates with local GR rates and expression levels of genes were assessed using Pearson's correlation by 10,000 bootstrap resampling using the SAS software.
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